The load-settlement behaviour and bearing capacity of a strip footing on reinforced sand was simulated by a nonlinear elasto-visco-plastic FEM analysis incorporating an elasto-viscoplastic constitutive model for sand that was developed to have a stress path-independent work-hardening parameter based on the modified plastic strain energy concept. The constitutive model has been modified to take into account the nonlinear viscous property of sand based on a three-component model consisting of a hypo-elastic component connected in series to a combination of a non-linear inviscid and viscous components connected to each other in parallel. The model ground was made of air-dried dense Toyoura sand, which was either unreinforced or reinforced with different lengths, numbers of layers and vertical spacings of layers of linear, tensile reinforcing members placed horizontal beneath a strip footing. Load-settlement relationships obtained by the FEM analysis were well comparable with those from the physical experiment. Although the peak footing load obtained by the FEM analyses was slightly larger than the measured value, the effects of reinforcing patterns and progressive failure of model ground with a development of shear bands observed in the tests were simulated very well.
INTRODUCTION Tatsuoka et al. (1991),
and Kotake et al. (1997) examined the effects of different assumptions for constitutive relations on the bearing capacity of footing on sand in the FEM analysis considering strain localization based on the strain-hardening model. In their results, the pre-peak footing settlement measured in the physical experiments was always underestimated. Kotake (1998) and Peng et al. (1998 considered that this discrepancy is due, at least partly, to that the assumption as to the hardening parameter was inadequate and, for this reason, shear strains for stress paths traced in the ground were underestimated. The FEM analysis also revealed that typical stress paths in the ground in the yielding zones below the footing are very similar to anisotropic compression stress paths with high stress ratios, which are considerably different from those in the conventional triaxial and plane strain compression tests at constant confining pressure. This paper reports results from a numerical simulation of a series of laboratory model tests performed to evaluate the bearing capacity of reinforced sand (Huang and Tatsuoka, 1990 ). This simulation was based on a strain energy-based elasto-viscoplastic constitutive model that was developed to overcome the above-mentioned drawback with the previous simulation. The new constitutive model considers the stress history-and stress path-dependency of the deformation characteristics of sand. By comparing the results from the FEM analysis with those from the physical experiments, it is shown that not only the load-settlement characteristics and bearing capacity but also strain fields in the ground measured in the physical experiments can be simulated very well. Fig. 1 shows the setup of these laboratory tests performed under plane strain conditions. In the model tests, different reinforcing patterns of reinforced soil foundation were employed to evaluate the effects of the length, the number of layers, the horizontal spacing and the stiffness and rupture strength of reinforcement (Huang and Tatsuoka, 1990 ). Reinforcing strips, having a thickness of 0.5mm and a width of 3mm, were made of phosphor bronze. Their surfaces were made rough by gluing the particles of the model sand. Some reference tests were conducted on unreittforced sand ground. Each model ground (183cm in width, 40cm in length and 74 In the present study, results from the three groups of physical model tests described in Fig. 2 and explained below were analyzed, in which L is a reinforcement length, B is the footing width, n is the number of reinforcement layers and d 0.3B:
MODEL TESTS
Group-a: to study whether short reinforcement layers having a length L that is the same as the footing width B can reinforce the ground effectively. The effects of the number of layers of the short reinforcement with L=B were evaluated. Three tests on unreinforced sand were performed as reference tests.
Group-b: to study into the effects of the length of reinforcement, L=B, 2B, 3.5B and 6B, in the case of the number of layers n=3: Group: to study into the effects of the number of layers, n=1, 2 and 3, in the case of long reinforcement of L=6B.
FEM DETAILS

FEM Model for Sandy Ground
The FEM mesh used in the present study is shown in Fig. 3 , which is only a half domain of the physical model ground. The ground was discretized into four-noded quadrilateral plane elements. The vicinity of the footing was discretized into fine elements (1.0cm x 1.0cm square) to capture the failing deformation modes observed in the physical experiment. The total numbers of the elements and the nodal points are 840 and 893, respectively. Rollers were placed vertical along the footing centerline (i. e., the axis of symmetry), while rollers were placed horizontal and vertical along the bottom and the other lateral boundaries of the analysis domain, respectively.
The initial stress state of the homogeneous level ground was assumed as the K0-stress condition that is given as; 
Constitutive Model for Sand
In the present study, the elasto-plastic constitutive model for sand which was originally developed by Siddiquee (1994) and Siddiquee et al. (1995) was modified based on the modified plastic strain energy concept, represented by a unique relationship between the modified plastic strain energy and a stress parameter, which is independent of stress history (Peng, 2000; Peng et. al, 2000 Peng et. al, , 2001 . The modified plastic strain energy concept was developed based on results from a series of drained plane strain compression tests along various stress paths on saturated dense Toyoura sand with accurate stress and strain measurements (Yasin and . In the constitutive modelling, the inherent and stress system-induced cross-anisotropic elasticity is considered, based on a series of laboratory stress-strain tests with respect to anisotropic elastic deformation properties of sand (Hoque and Tatsuoka, 1998). The proposed model is coupled with an isotropically work-hardening and softening, non-associated, elasto-plastic material description. The yield function and the plastic potential function are of, respectively, Mohr-Coulomb and Drucker-Prager type. It is assumed that the deformation of a given sand element under uniform boundary stress conditions is homogeneous in the pre-peak regime, while strain localization into a shear band starts suddenly at the peak stress state (Tanaka and Sakai, 1993 ). The smear method, which is similar to the one proposed by Pietruszczak and Mroz (1981), was employed to incorporate strain localization. Unlike their stress-relaxation, where the stress decreases while the irreversible strain rate continuously decreases towards zero at a constant total strain with negative elastic strain increments and positive irreversible strain increments, and so on.
In the modified constitutive modelling, the following properties were incorporated: a) the inviscid pre-peak stress-strain relation with work-hardening elasto-plastic deformation characteristics; scheme proposed by Flanagan and Belytschko (1981) was adopted. Following an elastic stiffness approach of the scheme, a very small elastic stiffness of the actual material elastic stiffness at the start of loading was added to the non-linear system as hour-glass resisting nodal forces whenever any soil element starts to form a hour-glass mode. The detail is described in Siddiquee , which is proportional to the number of reinforcement layer (n), and on the bearing capacity ratio, BCR= Reinforced peak load/ unreinforced peak load, and the relative footing settlement at peak load (Sf/B). The following trends of behaviour may be seen:
1) The overall load-settlement relation observed in the physical tests is very well simulated for both unreinforced and reinforced models. So, the effects of the depth of reinforced zone (or the number of reinforcement layers) on the peak footing load and the footing settlement at the peak footing load are simulated very well. 2) Despite the above, the FEM analysis exhibits generally slightly larger peak load compared with that from the physical test. This could not be attributed partly to that the reinforcing strips were modelled as a two-dimensional planar reinforcement and no specific interaction effects at the interface between the soil and the reinforcement were considered. This is because similar overestimation of load is observed with both unreinforced and reinforced model grounds. Fig. 7 compares the normalized load-settlement relationships obtained from the physical tests and the FEM analysis, while Figs. 8a and b summarise the effects of reinforcement length (L) on the bearing capacity ratio (BCR) and the relative footing settlement at peak load (Sf/B) for Group-b. In this case, reinforcement layers were placed being extended laterally beyond the footing width so as to expect anchoring effects outside the potential failure zone. The following trends of behaviour may be noted: 1) As with the case of Group-a, the overall load-settlement relation observed in the physical tests is very well simulated for both unreinforced and reinforced models. 2) In the physical tests, the effects of reinforcement length L increases at a decreasing rate for L larger than B. In particular, the increase in the BCR value when L/B increases from 3 is essentially zero. Correspondingly, the settlement of footing at the peak footing load does not increase noticeably when L increases exceeding B. The FEM analysis simulates very well these trends of behaviour. 3) However, it is also seen that the FEM analysis exhibits peak footing load that is slightly larger than those from the physical tests. Fig. 9 compares the normalized load-settlement relationships obtained from both the physical tests and the FEM analysis for Group-c, while Figs. 10a and b summarise the effects of the number of the longer reinforcement layers (n) (i. e., the effects of the depth of reinforced zone, DRIB) on the bearing capacity ratio (BCR) and the relative settlement at peak load (Sf/B). It may be seen that the bearing capacity increased with the increase in n in a manner similar to that observed in the case of L/B=1 in Group-a (Figs. 5 and 6). The increase in the bearing capacity with the increase in the number of short reinforcement layers seen in Group-a (L/B=1) is mostly due to the "deep -footing" effects, while the difference between Groups a and c can be attributed to the "wide-slab" effects by longer reinforcement (L/B=6). The physical test results indicate that the "deep-footing effect" is rather dominant in the behaviour in in Group-c (LIB=6). Such trends as above can also be seen in the results from the FEM analysis. 
Effects of Reinforcement Length
Effects of Number of Long Reinforcement Layers
CONCLUSIONS
It was studied whether the bearing capacity characteristics of a strip footing on reinforced sand observed in physical tests can be simulated by FEM analysis incorporating a non-linear elasto-viscoplastic constitutive model. The following conclusions can be drawn from the above:
(1) The proposed FEM analysis method could simulate well the footing load-settlement relations and bearing capacity of a strip footing on both unreinforced and reinforced sand ground, although the peak footing load obtained by the FEM analyses was slightly larger than the measured value in the physical tests.
(2) The FEM analysis could simulate very well the effects of different arrangements of reinforcement (i. e., different numbers of reinforcement layers and the length of reinforcement) and the failure modes and strain localization observed in the physical tests. 
